The present multicenter, randomized crossover study compared the safety and efficacy of continuous infusion with those of short infusions of ceftazidime in patients with cystic fibrosis. Patients with chronic Pseudomonas aeruginosa colonization received two successive courses of intravenous tobramycin and ceftazidime (200 mg/kg of body weight/day) for pulmonary exacerbation administered as thrice-daily short infusions or as a continuous infusion. The primary endpoint was the variation in the forced expiratory volume in 1 s (FEV 1 ) during the course of antibiotic treatment. Sixty-nine of the 70 patients enrolled in the study received at least one course of antibiotic treatment. The improvement in FEV 1 at the end of therapy was not statistically different between the two treatment procedures (؉7.6% after continuous infusion and ؉5.5% after short infusions) but was better after continuous ceftazidime treatment in patients harboring resistant isolates (P < 0.05). The interval between the course of antibiotic treatments was longer after the continuous infusion than after the short infusion of ceftazidime (P ‫؍‬ 0.04). The mean serum ceftazidime concentration during the continuous infusion was 56.2 ؎ 23.2 g/ml; the mean peak and trough concentrations during the short infusions were 216.3 ؎ 71.5 and 12.1 ؎ 8.7 g/ml, respectively. The susceptibility profiles of the P. aeruginosa isolates remained unchanged and were similar for both regimens. Quality-of-life scores were similar whatever the treatment procedure, but 82% of the patients preferred the continuous-infusion regimen. Adverse events were not significantly different between the two regimens. In conclusion, the continuous infusion of ceftazidime did not increase its toxicity and appeared to be as efficient as short infusions in patients with cystic fibrosis as a whole, but it gave better results in patients harboring resistant isolates of P. aeruginosa.
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Although there is currently no curative treatment for cystic fibrosis (CF), the life expectancy of CF patients has progressively increased, with the median survival time reaching 38 years (6) . Progress in antibiotic treatment may partly account for this improvement, because morbidity and mortality in patients with CF mostly result from chronic respiratory tract infections, particularly infections with Pseudomonas aeruginosa. Acute exacerbations due to P. aeruginosa infection are treated with intravenous (i.v.) antibiotics, mostly combinations of a ␤-lactam, such as ceftazidime, and an aminoglycoside.
In conventional treatment regimens, ceftazidime is administered in the form of thrice-daily short infusions (SIs), each of which lasts 30 min. However, the use of a 24-h continuous infusion (CI) of ␤-lactams has been proposed, because ␤-lactams are time-dependent antibiotics and they have little, if any, postantibiotic effect against gram-negative bacteria. Several reports have even concluded that the duration of the period during which the serum concentration of ␤-lactam antibiotics exceeds the MIC determines the clinical outcome (3, 7, 14, 18, 19) . Given the short half-life of ceftazidime, both pharmacodynamic and pharmacokinetic considerations suggest that CI might be more effective than SIs (1, 16, 17, 29) .
A few clinical studies have considered a 24-h CI of ceftazidime in CF patients (4, 22, 33) . Those studies reported good clinical results and few complications but included only a small number of patients.
We carried out a randomized controlled trial to compare the safety and efficacy of courses of tobramycin and ceftazidime administered i.v. as either thrice-daily SIs or a 24-h CI in CF patients with acute exacerbation of chronic pulmonary P. aeruginosa infection.
MATERIALS AND METHODS
Patients. CF patients over the age of 8 years with chronic P. aeruginosa infection of the respiratory tract and at least two courses of i.v. antibiotics in the year before enrollment were enrolled at the time of a pulmonary exacerbation, as defined by Fuchs et al. (10) . Noninclusion criteria were allergy to ceftazidime or tobramycin, bronchial colonization with Burkholderia cepacia, renal impairment, and a history of lung transplantation. The study was approved by the local ethics committee, and written informed consent was obtained from adult patients and from the parents of pediatric patients.
Study design. The study was a multicenter, randomized, crossover trial. Each patient received two successive i.v. antibiotic courses during two different pulmonary exacerbations. The allocation sequence was generated by centralized randomization: ceftazidime SIs followed by ceftazidime CI or ceftazidime CI followed by ceftazidime SIs. No minimum time was imposed between the two courses. Each patient was monitored until a third intravenous antibiotic course was required. The ceftazidime SIs were delivered as thrice-daily 30-min infusions in 100 ml of 0.9% sodium chloride, and the ceftazidime CI was delivered in 230 ml of 0.9% sodium chloride over 23 h. The daily dose of ceftazidime was 200 mg/kg of body weight, with a maximum dose of 12 g being administered. For the ceftazidime CI, a loading dose of 60 mg/kg (maximum, 2 g) was used. All patients also received tobramycin (10 mg/kg) in the form of one 30-min infusion per day. Portable devices were used: the Intermate SV 200 portable device (Baxter) for the 30-min SIs of ceftazidime and tobramycin and the Infusor LV10 portable device (Baxter) for the CI of ceftazidime. Oral ciprofloxacin treatment was authorized, provided that it was administered in an identical manner during both courses of antibiotic treatment. The patients were treated at home or in the hospital for 14 to 21 days, which was determined by the investigators, but were treated in the same way for both courses. The primary outcome measure was the change in the forced expiratory volume in 1 s (FEV 1 ) between the beginning and the end of the i.v. antibiotic course and is expressed as a percentage of the predicted normal value. FEV 1 has been accepted as a primary endpoint in clinical trials with patients with CF (9) and has been shown to be reproducible in the same patient at different times of follow-up (24) . In our adult CF center, the mean coefficient of variation for FEV 1 between three successive measurements in patients in a stable state was found to be 3.1% (standard deviation [SD], 1.6%). The secondary outcome measures were the interval between two successive i.v. antibiotic treatment courses (calculated from the last day of the first i.v. course to the first day of the second i.v. course); quality-of-life scores validated in French (Cystic Fibrosis Questionnaire score of 14ϩ for teenagers and adults and Cystic Fibrosis Questionnaire Child score of P for children aged 8 to 13 years) (11); and C-reactive protein, white blood cell, hepatic enzyme, and creatinine levels. At the end of the study, the patients were asked which regimen they would prefer for future treatment.
Microbiologic evaluation. Samples of sputum collected at the beginning and the end of each antibiotic treatment course were used to establish bacteriological cultures. P. aeruginosa isolates were classified according to the Recommendations of the French Society for Microbiology in three categories of susceptibility to ceftazidime (27) : the susceptible isolates were those with MICs of Յ4 mg/liter, the resistant isolates were those with MICs of Ͼ32 mg/liter, and the intermediate isolates were those with MICs of Ͼ4 and Յ32 mg/liter. When a patient had several P. aeruginosa isolates with different susceptibilities, the patient was considered to be in the category with the most resistant isolate (i.e., patients were classified in the resistant category if they had at least one resistant isolate, in the intermediate category if they had at least one intermediate isolate without a resistant isolate, and in the susceptible category if they had only susceptible isolates). Other pathogens were also identified.
Measurement of ceftazidime concentrations. Plasma ceftazidime concentrations were determined in volunteer patients once a steady-state concentration (C ss ) had been reached for the ceftazidime CI and at the following times after the beginning of the infusion for the ceftazidime SIs: before (trough concentration [C trough ]), 30 min (maximum concentration of drug in plasma [C max ]), and 4 h (concentration at 4 h [C 4 ]). This made possible calculation of the mean concentrations at the different sampling times for each regimen. The blood samples were centrifuged, and plasma for the determination of the ceftazidime concentration was stored at Ϫ80°C until analysis. We used high-performance liquid chromatography with a reverse-phase column (particle size, 5 m; 4.6 by 250 mm; RP-18 Lichrospher; Merck, Darmstadt, Germany) and UV detection at 254 nm. The mobile phase was a mixture of acetonitrile and phosphate buffer (4/96, vol/vol) (12) . In our laboratory, the coefficients of correlation for three different concentrations of ceftazidime (12, 45 , and 120 g/ml) were 5.7%, 4.2%, and 3.1%, respectively, for interassay variability and 4.8%, 3.2%, and 2.8%, respectively, for intra-assay variability.
Statistical analysis. The trial was designed as an equivalence study. We estimated an SD for the change in FEV 1 between the start and the end of each treatment of 12% (31) . The regimens were regarded as equivalent if the difference in the change in FEV 1 (by use of the 90% confidence interval) between treatments was less than 5% of the predicted normal FEV 1 . We estimated that with 120 patients randomized, the study would have an 82% power to deem the regimens equivalent if they were truly identical. The data were analyzed according to a preestablished analysis plan with SAS (version 8.2) software (SAS Institute, Cary, NC). Changes in FEV 1 between the beginning and the end of the treatment course were assessed by analysis of variance. The treatment effect and the sequence effect were tested as fixed effects, and the effect of the treatment-sequence interaction was also evaluated. The results are expressed as the means Ϯ SDs for quantitative data, and the results for groups were compared by means of two-tailed t tests or two-tailed matched t tests, as appropriate. Qualitative data were compared by the chi-square test or Fisher's exact test, as appropriate. P values of Ͻ0.05 were considered statistically significant. Data analyses were planned on the basis of the intention-to-treat (ITT) population (all treated patients), defined as the main population for analysis, but the per protocol (PP) population (all patients who had finished the study without a major deviation) was also studied.
RESULTS
Patients. Seventy patients from 15 CF centers in France (8 adult centers and 7 pediatric centers) were enrolled and randomized in the study between September 2001 and May 2003 ( Fig. 1 ): 34 were allocated to thrice-daily ceftazidime SIs for the first course and the ceftazidime CI for the second course (group A), and 36 were allocated to the CI for the first course and the SIs for the second course (group B). No statistically significant difference was found between the two groups for any of the variables studied, including FEV 1 ( Table 1) .
The ITT population comprised 69 patients. Among the patients in group A, 26 patients finished the study, 1 was lost to follow-up before the second i.v. course with the ceftazidime CI, and 6 discontinued the intervention. Among the six patients who discontinued the intervention, one had ceftazidime intolerance with headache and vomiting, one had surgery, one had pulmonary exacerbation requiring a change of i.v. antibiotics, two were colonized with bacteria other than Pseudomonas aeruginosa (methicillin-resistant Staphylococcus aureus and Burkholderia cepacia) and also required a change of i.v. antibiotics, and one had had no indication for a second i.v. antibiotic course at the end of the study. Among the patients in group B, 31 patients finished the study, 1 withdrew consent, and 4 discontinued the intervention. Among the four patients who discontinued the intervention, one had allergy to ceftazidime and three did not receive ceftazidime for the second i.v. antibiotic course. Finally, the PP population comprised 49 patients, as at least one FEV 1 reading was missing for 6 patients and 2 patients presented a major deviation to protocol (Fig. 1) .
The 20 patients who could not be included in the PP population were not different from the 49 patients in the PP population. Their mean age was 22.5 Ϯ 6.6 years, whereas that for the PP population was 23.3 Ϯ 5.2 years. The mean FEV 1 for the patients who could not be included in the PP population was 43.4% Ϯ 16.0% of the predicted normal value, whereas VOL. 53, 2009 CONTINUOUS CEFTAZIDIME FOR TREATING CYSTIC FIBROSIS 3651 that for the PP population was 43.9% Ϯ 15.5% of the predicted normal value. A longer duration of therapy and the addition of ciprofloxacin were used for the most severe patients harboring more resistant P. aeruginosa. For the SI treatment, the duration of therapy was 21 days for 10 patients and 14 days for 52 patients, whereas for the CI treatment, it lasted 21 days for 12 patients and 14 days for 52 patients.
Ciprofloxacin was received by 26 patients during the SIs (39%) and 18 patients during CI (29%) in the ITT population (and by 16 patients during the SIs and 14 patients during CI in the PP population). The duration of the antibiotic treatment course in the patients receiving ciprofloxacin was 14 days in all except four patients, whose treatment lasted 21 days for the two modalities of treatment.
Microbiologic results. The susceptibility profiles of the P. aeruginosa isolates were similar for both regimens and remained unchanged. More than one isolate of P. aeruginosa were identified in 25 of 56 patients (45%) at the beginning of the ceftazidime SIs and in 26 of 57 patients (46%) at the beginning of the ceftazidime CI. As a whole, at the baseline, before the ceftazidime SIs, 29 patients (52%) Table 2 ). The mean change in the values of FEV 1 between the beginning and the end of the i.v. antibiotic treatment course appeared to be similar for both treatment regimens in the ITT population (P ϭ 0.15), whereas it was higher after the CI than after the SIs of ceftazidime (P ϭ 0.02) in the PP population ( Table 2 ). The rates of improvement in FEV 1 appeared better after the CI than after the SIs in patients harboring resistant isolates of P. aeruginosa (P Ͻ 0.05) ( Table 3 ). The mean difference in the interval between the two successive i.v. antibiotic treatment courses was significantly longer after the ceftazidime CI treatment than after the SI treatment in the ITT population as well as in the PP population (Table 4) . Tolerance of antibiotic treatment. Tolerance of the antibiotic treatment by the ITT population was analyzed. We recorded 124 adverse events (68 during the ceftazidime SIs and 56 during the ceftazidime CI) in 50 patients. Only two of these events were considered to be severe adverse events requiring hospitalization for pulmonary exacerbation (one after the SIs of ceftazidime and one after the CI of ceftazidime). The most frequent adverse events were abdominal pain, nausea and diarrhea (12%), hemoptysis (11.3%), headaches (7.3%), pulmonary exacerbations (6.5%), and tonsillitis (6.5%).
The C-reactive protein concentration and the white blood cell count decreased significantly at the end of each antibiotic course for both regimens. The aspartate aminotransferase (ASAT) and alanine aminotransferase (ALAT) levels increased significantly at the end of the antibiotic course, with no statistically significant difference between the two regimens being detected. No significant changes in the alkaline phosphatase and the gamma-glutamyl transferase levels were observed (Table 5) .
Pharmacokinetics. Pharmacokinetic analyses were carried out for 28 patients. The mean ceftazidime C ss during CI was 56.2 Ϯ 23.2 g/ml (range, 37.0 to 65.9 g/ml), whereas during the ceftazidime SIs, the mean C trough was 12.1 Ϯ 8.7 g/ml (range, 6.1 to 16.6 g/ml), the mean C max was 216.3 Ϯ 71.5 g/ml (range, 172.0 to 247.0 g/ml), and the mean C 4 was 40.7 Ϯ 21.5 g/ml (range, 24.8 to 56.6 g/ml). The mean C ss was therefore significantly higher than the mean C trough and the mean C 4 (P Ͻ 0.05).
Quality-of-life analysis and patient preference. The qualityof-life scores were similar for both treatments, but 82% of the 57 patients who received the two modalities of treatment said that they preferred the CI to three SIs of ceftazidime.
DISCUSSION
We addressed the question of whether daily ceftazidime CI over 24 h is as good as the conventional thrice-daily treatment when it is combined with i.v. tobramycin administered once daily (26, 31) for the treatment of pulmonary exacerbations in CF patients with chronic bronchial colonization with P. aeruginosa. Our study is the first one to compare the clinical and pharmacological issues related to two different modalities of ceftazidime treatment in such a large number of patients with CF. We found that the ceftazidime CI was at least as effective as SIs in increasing FEV 1 by the end of treatment and appeared to be more effective in patients harboring resistant isolates of P. aeruginosa. It was well tolerated.
Unlike tobramycin, which has concentration-dependent antibacterial activity and a postantibiotic effect, ␤-lactam antibiotics display time-dependent antibacterial activity (15, 28, 29) . Intermittent ceftazidime administration might result in undesirably high C max s and low, potentially sub-MIC C trough s, whereas the administration of ceftazidime by CI should avoid these fluctuations and keep the percentage of the time that the concentration is greater than the MIC above 100% for the entire duration of treatment (1, 16, 29) . Moreover, Alou et al. have stressed the importance of optimizing the time that the concentration of ceftazidime is greater than the MIC for resistant strains (1): they found no difference in the activities against susceptible and intermediate strains achieved by intermittent infusion and CI regimens, whereas only the CI achieved comparable activity over the same time period, minimizing the differences between the activities of the regimens against resistant and susceptible strains. Now the level of resistance to first-line antipseudomonal agents is high in patients with CF and resistance to ceftazidime has been found in 39.6% of CF patient isolates of P. aeruginosa (20) , which is not very different from our susceptibility results. Nevertheless, the resistance of P. aeruginosa to ceftazidime was not a noninclusion criterion in our study, as there is evidence that susceptibility testing is not a reliable predictor of clinical success in the treatment of pulmonary exacerbations with i.v. tobramycin and ceftazidime in patients with CF (25) . Nevertheless, because of the high rate of resistance among P. aeruginosa isolates, we decided not to reduce the doses of ceftazidime for delivery by CI in comparison to those used for the SI, contrary to the reductions used in previous studies (4, 22, 33) , because we thought that higher doses might be more effective. We observed considerable variability in serum ceftazidime concentrations during intermittent administration (with very high C max s and very low C trough s, even below the MIC in some cases), whereas the C ss remained permanently above the MIC during CI. We completed pharmacologic studies with more patients with CF than any previously reported study. Our mean steady-state blood ceftazidime concentration of 56.2 Ϯ 23.2 g/ml was consistent with those found in previous studies: 52.9 Ϯ 18.4 g/ml in 9 children given a CI of 300 mg/kg/day ceftazidime (8) and 56.1 Ϯ 23.3 g/ml in 12 patients given a CI of 200 mg/kg/ day ceftazidime (5). For lower daily ceftazidime doses of 100 mg/kg/day administered by CI, C ss s were reported to be 38.3 g/ml in 4 patients with CF (13), 28.7 Ϯ 5 g/ml in 8 adults with CF (32), and 28.5 Ϯ 8.4 g/ml in 14 children with CF (22) . In another study, 5 adults with CF were initially treated with 2 g of ceftazidime thrice daily (dosage range, 102 to 154 mg/ kg/day) for 10 days (4). In that study, the dosages for the CI were calculated to achieve serum C ss s equal to 6.6 times the MIC for the most resistant P. aeruginosa isolate from the intermittent dosing phase without exceeding 6 g/day. The dosing method resulted in substantially reduced total daily doses (range, 29 to 75%) in four patients during CI.
In our study, we found that the increases in FEV 1 were similar after both treatment modalities for the ITT population but higher after CI than after SIs for the PP population. As previously suggested by in vitro pharmacodynamic studies (1), we showed that the improvement in FEV 1 was better after ceftazidime CI for patients harboring P. aeruginosa-resistant strains. The interval between antibiotic treatment courses was longer after CI in both study populations. Previous clinical studies concluded that the CI of ceftazidime was effective in patients with CF, but only very small numbers of patients were studied. Moreover, in some of those studies, ceftazidime was administered as monotherapy and CI was not compared with SIs (13, 33) . In the study by Vinks et al. (33) , 17 adult patients with CF received 33 courses of treatment by the CI of ceftazidime at a dose of 100 mg/kg/day for acute exacerbation of lung infection over a period of 2 years. For the 12 patients for whom data were available, FEV 1 had increased by the end of treatment, and this increase persisted for 4 to 6 weeks. Multiple courses of ceftazidime monotherapy by CI did not result in a lasting increase in the frequency of ceftazidime-resistant P. aeruginosa strains (33) . Two other studies compared courses of SIs and the CI of ceftazidime combined with tobramycin in 5 adults (4) and with amikacin in 14 children (22) requiring i.v. antibiotic therapy for the pulmonary exacerbation of CF. Patients showed clinical improvement with both regimens, with no significant difference in outcome (including FEV 1 ) occurring between the regimens. As in our study, the pattern of susceptibility of the P. aeruginosa isolates was unaffected and remained similar with the two regimens. In both studies (4, 22) , the CI of ceftazidime tended to give a better clinical outcome, but this trend was not significant, probably due to the small sample size. In another study published only in abstract form (23) , 42 CF patients were treated with ceftazidime (200 mg/ kg/day) thrice daily plus tobramycin once daily or with a CI of ceftazidime (100 mg/kg/day) plus tobramycin once daily in a prospective crossover study. No significant differences in clinical outcomes were observed. None of the previous studies compared the rates of improvement in FEV 1 according to the initial susceptibility of the isolates. In our study, the quality-of-life scores were similar for both ceftazidime regimens and improved at the end of the course of treatment. Most patients preferred CI to thrice-daily SIs. Similarly, all 14 children enrolled in the study of Rappaz et al. said that they were happy with this new treatment approach and would prefer the CI of ceftazidime for subsequent treatment (22) . This mode of treatment was also preferred in a German study (23) . As most of these treatments took place at home, this made it possible for the nurse to visit the patient only once per day, at a convenient time, rather than three times (one visit very early, at about 6 a.m.; one visit in the middle of the day; and one visit very late, at about 10 p.m.). which is required for SIs. This makes it possible for patients to continue to attend school or work if their general status allows it and limits their social isolation during i.v. antibiotic treatment.
We observed no difference in adverse effects between the two regimens. Transient increases in serum levels of the liver enzymes ASAT and ALAT were observed at the end of each course, but without the significant difference between the CI and SI regimens feared by Plasse et al. (21) . No adverse effects of the CI of ceftazidime have ever been reported in patients with CF (4, 22) . Ceftazidime (120 g/liter) displays 90% stability for up to 24 h at 25°C but for only 8 h at 37°C (2, 30) . Temperature control is therefore critical for the administration of ceftazidime via portable pumps, which should not be carried under clothing for prolonged periods (30) . Ceftazidime degradation leads to the release of pyridine, which reaches levels in excess of the threshold of the U.S. Pharmacopeia at 37°C but not at 25°C.
One limitation of our study is that it was not possible to include the intended number of patients due to problems with enrollment because of other competing clinical studies at the CF centers. Nonetheless, we included and analyzed more patients than previous studies in which the CI of ceftazidime was reported to improve the clinical outcome, but without the statistical significance being reported.
Conclusion. The combination of the CI of ceftazidime and the administration of tobramycin once daily appears to be safe and as effective as thrice-daily ceftazidime SIs. Nevertheless, the ceftazidime CI seems to be of particular interest for patients harboring resistant isolates of P. aeruginosa. It can simplify treatment for patients with CF. Our results have potential implications for the prescription of i.v. antibiotic courses for acute pulmonary exacerbation in patients with CF. Further multicenter studies should evaluate the optimal dose of ceftazidime for use for CI by comparison with the daily dose used for SIs.
